Abstract. The ablation of renal mass and institution of a high protein diet both lead to renal cortical hypertrophy and increased glomerular filtration rate (GFR). We studied Na' transport in rat microvillus membrane vesicles isolated from uninephrectomized or sham operated rats fed 6% (low), 24% 
Introduction
The reabsorption of fluid and solutes by the renal proximal tubule is a dynamic process that can adapt to changes in several physiologic factors, including the prevailing glomerular filtration rate (GFR),' and the state of acid-base, electrolyte, and hormonal balance of the animal. That such adaptation might be due to intrinsic changes in the transport function of the epithelial cells has been shown in studies using the isolated perfused proximal tubule (1, 2) . On the subcellular level, it has also been possible to demonstrate adaptation of specific carrier mediated transporters located in the brush border membrane of the proximal tubule (3, 4) . Cohn et al. found increased Na+-H+ exchange in microvillus membrane vesicles isolated from remnant nephrons in a model of renal ablation (5) . Since Na+-H+ exchange is an important mechanism for acidification of proximal tubule fluid, an increase in activity of this transporter may contribute to the increased reabsorption of NaHCO3 that occurs in this setting (6, 7, 8) .
After ablation of renal mass, the remaining tissue undergoes hypertrophy and an increase in filtration rate of the remnant glomeruli. It has been determined that changes in dietary protein intake may modify both the compensatory growth and the increase in GFR that follow partial nephrectomy (9, 10) . The purpose of the present study was to characterize the adaptive response of the Na+-H+ exchanger in rat microvillus membrane vesicles isolated from remnant renal tissue after unilateral nephrectomy and to correlate altered membrane transport with changes in renal mass, GFR, and variations in dietary protein intake.
Methods
Male Sprague-Dawley rats (Charles River Breeding Laboratories, Inc., Wilmington, MA) initially weighing 325-375 g were used in all studies. Animals were anesthetized by intraperitoneal injection of Brevital (methohexitol) (Eli Lilly and Co., Indianapolis, IN), 50 mg/kg, and then subjected to right nephrectomy or sham surgery, the latter consisting of a dorsal flank incision. The The addition of vesicles resulted in a rapid quench of fluorescence, followed by a slower recovery. The rate of intravesicular pH dissipation was assessed by the method of Reenstra et al. (15) . The steady state fluorescence minus the fluorescence at varied times was plotted as a logarithmic function vs. time. The negative slope of this line represents the rate constant of pH gradient dissipation.
Clearance techniques and acid excretion rates. In separate animals, inulin clearances were performed by techniques described previously (16) . Briefly, animals were anesthetized by intraperitoneal injection of inactin (100 mg/kg) and placed on a temperature regulated The finding of increased Na+ transport in the absence of a pH gradient indicated that decreased H+ leak or buffer permeability could not account for the stimulated uptake shown in Fig. 1 A. Studies using acridine orange confirmed that the non-Na+-dependent pH gradient dissipation rate was the same in vesicles from rats on 40 and 6% protein intakes. The rate constant for pH gradient dissipation averaged 0.0051±0.0009 vs.
0.0061±0.0009 s-', respectively (n = 3, NS). To confirm that the increment in Na' transport was due to electroneutral Na'-H' exchange, the pH gradient-stimulated Na+ uptakes were repeated in the presence of a clamp of membrane electrical potential by addition of the K+ ionophore, valinomycin, with K'j. = K'.ut. The addition of valinomycin was shown to shunt membrane potential under these conditions.
In the absence of valinomycin, Na'-glucose cotransport, known to be potential sensitive (21) (Table III) . Thus, the adaptive changes were restricted to Na+-H+ countertransport and were not observed for these other Na'-solute cotransport processes.
The effect of dietary protein manipulation on the kinetics of pH gradient-stimulated Na' transport was evaluated in uninephrectomized animals on either 40 or 6% protein intakes. The 5-s influx rates at varied Na' concentrations are indicated in Fig. 3 in the form of a Woolf-Augustinsson-Hofstee plot.
The apparent V.. (y-intercept) was significantly increased by the high protein diet (240±18 vs. 173±15 nmol/mg protein per min; P < 0.05), whereas the Km for Na', represented as the negative slope of the line, was unchanged (Km = 6.8 vs. 6.6 mM). These findings are consistent with an increase in the number of carriers inserted into the plasma membrane during adaptation to high protein diet, although an increased turnover or availability of existing transporters in the membrane is also possible.
In order to determine whether increases in Na`-H+ exchange accompany the early changes after nephrectomy, animals were studied 1 d after unilateral nephrectomy. The sham operated rats on the 24% protein diet underwent unilateral nephrectomy and at that time were placed on the 40% protein diet. Within 24 h after surgery these animals had increased renal weight 7 .47±0.04; HCO-, 25±2 vs. 25±1 mM (n = 4). However, the effect of dietary protein could be mediated by altered rates of net acid excretion (NAE). In Table V and that this correlated with increased Na+-H+ exchange rates in vesicles. As shown in Table V , there were not significant differences in urinary pH or titratable acid. Animals on the 40% protein diet had a significant increase in urinary ammonium excretion. However, although not shown in Table V These animals had arterial blood gases similar to those of nephrectomized animals not fed NaHCO3: pCO2, 38±2 mmHg; pH 7.46±0.03; HCO-, 27±1 mM (n = 5). However, Na+-H+ exchange rates in vesicles from animals on 40% protein remained significantly greater than for the 6% protein group (2.90±0.16 vs. 2.26±0.08 nmol/mg protein; P < 0.05). The Na+ flux in vesicles from animals on the 40% protein diet supplemented with bicarbonate was not significantly different than Na+ flux in vesicles from rats fed either the 40% protein diet alone or the 40% protein diet supplemented with NaCl (Table V) . Thus, the rates of net acid excretion could be dissociated from the diet-induced increases in Na+-H+ exchange activity.
Discussion
After loss of renal mass, the remnant kidney tissue undergoes several important adaptations. There is a compensatory increase in single nephron (SN) GFR and hypertrophy of the remaining nephrons (9, 19) . In addition, there occur increases in absolute proximal fluid reabsorption (22) and increased reabsorptive capacity for HCO-(6-8). The increased proximal acidification has been shown to rise in proportiion to SNGFR (23) and to be independent of daily NAE. (7). On the cellular level there is an increased rate of ammoniagenesis in remnant tissue (24). An increase in dietary protein intake can evoke many of the same effects observed after renal ablation in that renal mass and GFR increase (10) , as do proximal HCO-reabsorption (25) and renal synthesis of NH3 and glucose (24, 26).
The present study demonstrates that a high protein diet can induce increased Na+-H+ exchange activity in microvillus membrane vesicles isolated from both uninephrectomized and normal animals. Furthermore, the stimulated Na+-H+ exchange that accompanies uninephrectomy can be prevented by limiting 24-h urine volumes were collected under oil for measurement of rates of acid excretion in uninephrectomized (UNx) rats fed 6 or 40% protein (P) with or without added NaCI or NaHCO3 (25 meq/I00 g diet). After isolation of microvillus membrane vesicles from these animals, 1 mM 22Na+ uptake was determined in the presence of an inside acid pH gradient as in Fig. 2 In a variety of cell types, Na'-H' exchange has been shown to play an important role in maintenance of intracellular pH (30) . Furthermore, in the proximal tubule, luminal Na'-H' exchange is thought to be the most important pathway for HI secretion and HCO-reabsorption (31) . A number of studies have found that in the presence of metabolic acidosis, microvillus membrane Na'-H' exchange is increased (4, 32, 33) . In the present study, none of the experimental groups manifested a systemic acid-base disorder, although the high protein diet did provide an increased acid load. When net acid excretion was normalized by the addition of NaHCO3 to the high protein diet, the increase in Na'-H' exchange activity was not prevented. Therefore, we do not find a close correlation between acid excretion and Na+-H+ exchange rates. It remains to be determined whether uninephrectomy or dietary protein alters intracellular pH.
In addition to its role in mediating proximal acidification, Na+-H+ exchange may also be one of the more important luminal membrane mechanisms for transcellular Na+ reabsorption (34). Burg and Green have shown the importance of NaHCO3 transport to absolute fluid reabsorption in the isolated perfused proximal tubule of the rabbit (35) . In conditions in which SNGFR is altered chronically, there is evidence for a concordant change in absolute proximal fluid and Na+ reabsorption (chronic glomerulotubular balance [1, 2, 22] ). In the present study, there is a linear correlation between microvillus membrane Na+ transport and whole kidney clearance when data from all the groups are considered (Fig. 5) . It is therefore possible that Na+-H+ exchange is modified by prevailing GFR.
Ablation of renal mass and increases in dietary protein, C0nulin (ml/min per kidney) 3 .0 Figure 5 . Correlation of Na+ uptake in vesicles and whole kidney GFR. Data given in Fig. 2 and Table I are correlated to show the relationship between rates of Na+ uptake and whole kidney inulin clearances of animals from each of the experimental groups (r = 0.961; P < 0.005 The finding of a correlation between increases in renal mass and Na+ transport in isolated vesicles raises the possibility that the increase in the Na+-H+ exchanger may be a specific manifestation of growth. In this regard, other conditions which induce increases in Na+-H+ exchange, such as metabolic acidosis and chronic K+ deficiency (37) , are known to be potent stimuli for renal cortical hypertrophy (29, 36, 38) . It is also possible that increased Na+-H+ exchange is a prerequisite for renal growth since in other tissues, growth factors and 1985 Adaptation ofRenal Na+-H+ Exchange )l I mitogenic stimuli are known to activate Na'-H' exchange (39) (40) (41) . The resulting effects on intracellular ion concentration and pH are required for growth to occur.
In conclusion, we find increased activity of the renal microvillus membrane Na'-H' exchanger of rats adapted to high protein diets or to contralateral nephrectomy. These changes in membrane transport are associated with parallel increases in renal mass and GFR.
